Human prostaglandin (PG) E synthase (EC 5.3.99.3) is a member of a recently recognized protein superfamily consisting of membrane associated proteins involved in eicosanoid and glutathione metabolism (the MAPEG family). Previous designations of the protein are PIG12 and MGST1-L1. PGE synthase was expressed in Escherichia coli, and both cytosolic and membrane fractions were prepared. Western blot analysis specifically detected a 15-to 16-kDa protein in the membrane fraction. Both fractions were incubated with prostaglandin H 2 in the presence or absence of reduced glutathione. The membrane but not the cytosolic fraction was found to possess high glutathione-dependent PGE synthase activity (0.25 mol͞ min͞mg). The human tissue distribution was analyzed by Northern blot analysis. High expression of PGE synthase mRNA was detected in A549 and HeLa cancer cell lines. Intermediate level of expression was demonstrated in placenta, prostate, testis, mammary gland, and bladder whereas low mRNA expression was observed in several other tissues. A549 cells have been used as a model system to study cyclooxygenase-2 induction by IL-1␤. If A549 cells were grown in the presence of IL-1␤, a significant induction of the PGE synthase was observed by Western blot analysis. Also, Western blot analysis specifically detected a 16-kDa protein in sheep seminal vesicles. In summary, we have identified a human membrane bound PGE synthase. The enzyme activity is glutathione-dependent, and the protein expression is induced by the proinflammatory cytokine IL-1␤. PGE synthase is a potential novel target for drug development.
Prostaglandin endoperoxide H 2 (PGH 2 ) is formed from arachidonic acid by the action of cyclooxygenases (cox) -1 or -2. cox-1 is constitutively expressed in many cells and tissues such as platelets, endothelium, stomach, and kidney whereas the cox-2 protein can be induced by proinflammatory cytokines like IL-1␤ at sites of inflammation (for recent reviews on cox see refs. [1] [2] [3] . Downstream of the cyclooxygenases, the product PGH 2 can be further metabolized into the various physiologically important eicosanoids: e.g., PGF 2␣ , PGE 2 , PGD 2 , PGI 2 (prostacyclin), and thromboxane A 2 (4) .
The mechanism for the biosynthesis of PGE 1 and PGF 1␣ (formed by using dihomo-␥-linolenic acid instead of arachidonic acid) (5) by sheep vesicular glands was postulated to proceed via a cyclic endoperoxide (6) later designated PGH 2 (7) (8) (9) . In short, the reactions catalyzed by cyclooxygenase start by stereospecific abstraction of a hydrogen atom from carbon 13 of arachidonic acid. The resulting carbon radical reacts with molecular oxygen followed by the formation of the 9,11-endoperoxide and the bond between C-8 and C-12. Thereafter, a second molecule of oxygen is incorporated at C-15 followed by reduction to a hydroperoxy group, and PGG 2 is formed. This hydroperoxy group can subsequently be reduced by the peroxidase activity of the cyclooxygenase (in the presence of a reducing agent: e.g., glutathione) thus forming PGH 2 . The enzyme(s) responsible for the isomerization of PGH 2 into PGE 2 are not well known. Attempts have been made to isolate the microsomal PGE synthase from ovine and bovine seminal vesicles, an organ known to contain high levels of activity (10, 11) . These studies have shown that the microsomal PGE synthase can be solubilized and partly purified. However, the enzyme activity, which depended on glutathione, rapidly deteriorated during the purification attempts. Two monoclonal antibodies, designated IGG 1 (hei-7) and IGG 1 (hei-26) and raised against partly purified PGE synthase from sheep seminal vesicles, could immunoprecipitate two proteins from sheep seminal vesicles with molecular masses of 17.5 and 180 kDa, respectively (12) . Both of these precipitated proteins were found to possess glutathione-dependent PGE synthase activity but no glutathione Stransferase activity. The 17.5-kDa protein showed a K m for PGH 2 of 40 M, similar to what had been described by others investigating the microsomal PGE synthase (11) . In contrast, the larger protein demonstrated a K m for PGH 2 of 150 M. Of interest, the IGG 1 (hei-7) antibody [but not the IGG 1 (hei-26) antibody], when incubated with intact sheep vesicular gland microsomes, caused coprecipitation of PGE synthase and cyclooxygenase activities, thereby demonstrating that the 17.5-kDa protein and the cyclooxygenase both are associated with the same membrane systems. Microsomal PGE synthase activity also has been measured in various rat organs (13) , and high glutathione-dependent activity was found in the deferens duct, genital accessory organs, and kidney. In the same study, glutathione-independent microsomal PGE synthase activity was observed in heart, spleen, and uterus. Additional proteins, belonging to the cytosolic glutathione Stransferase superfamily, also have been described to possess PGE, PGD, and PGF synthase activities (14) . Recently, a microsomal 16.5-kDa protein was purified from sheep seminal vesicles possessing glutathione-dependent PGF 2␣ synthase activity (15) . The enzyme (prostaglandin endoperoxide reductase) also could catalyze the reduction of cumene hydroperoxide whereas 1-chloro-2,4-dinitrobenzene (typical substrate for various glutathione S-transferases) was not a substrate. In this paper, we describe the identification and characterization of human PGE synthase.
Kebo Laboratory (Stockholm, Sweden Isolation and Cloning of PGE Synthase. The expressed sequence tag clone 143735 with GenBank accession number R76492 has previously been identified as ''microsomal glutathione S-transferase 1-like 1'' (MGST1-L1) encoded by GenBank accession number AF027740. The same gene product also has been characterized as ''p53-induced PIG12'' encoded by GenBank accession number AF010316. The coding sequence of PGE synthase corresponding to the nucleotide sequence 19-477 of the expressed sequence tag clone 143735 (accession number AF027740) was amplified by PCR. Oligonucleotide primers were constructed to incorporate suitable restriction sites (NdeIHindIII) into the 5Ј and 3Ј ends of the product. Primer 1 (sense): 5Ј-GAGAGACATATGCCTGCCCACAGCCTG-3Ј; Primer 2 (antisense): 5Ј-GAGAGAAAGCTTCACAGGTGGCGGGC-CGC-3Ј. PCR was performed with 0.2 mM dNTPs, 0.5 M of the respective primer, 70 ng of template, 2.5 units of Pfu polymerase in 1ϫ Pfu buffer [supplied by the manufacturer (Stratagene)]. The temperature cycles were 45 s at 94°C, 45 s at 60°C, and 45 s at 72°C, repeated 25 times. However, the first denaturing period was 4 min, and the last extension period was 10 min. The PCR product was isolated by agarose gel electrophoresis, was purified from the gel, and was cut with NdeI and HindIII. The resulting product was gel-purified and ligated into the bacterial expression vector pSP19T7LT (16) . Ligated plasmids were transformed into DH5␣ competent cells. Plasmids were isolated from a number of clones and were cleaved with NdeI and HindIII followed by agarose gel electrophoresis to confirm the size of inserts. Selected inserts were sequenced on an Applied Biosystems 373A automated DNA sequencer using a dye terminator cycle sequencing kit. The expression construct containing the correct coding sequence for the PGE synthase was transformed into Escherichia coli BL21 (DE3) [which harbored the plasmid pLys SL (17) ]. Glycerol stocks were prepared and stored frozen at Ϫ70°C for subsequent use as starting material for the expression experiments.
Expression in E. coli. Small aliquots (1-2 l) of bacterial glycerol stock were grown in 1.5 ml 2ϫ YT overnight at 37°C. The cultures were diluted 1:100 into 2 liters of Terrific Broth medium containing ampicillin (75 g͞ml) and chloramphenicol (10 g͞ ml) in a 5-liter flask placed in a thermostated water bath. The culture was oxygenated by air bubbling and was grown until the OD 600 was 0.4-1.2. At this point, expression was induced by the addition of 1 mM isopropyl ␤-D-thiogalactopyranoside, the temperature was switched to 30°C, and the culture allowed to grow for another 4 h. Thereafter, cells were pelleted and resuspended in 100 ml TSEG buffer (15 mM Tris⅐HCl, pH 8.0͞0.25 M sucrose͞0.1 mM EDTA͞1 mM glutathione). Lysozyme was added to a final concentration of 0.2 mg͞ml, and the mixture was gently stirred for 30 min at 4°C. Then, the cells were lysed by six 30-s sonication pulses from a MSE Soniprep 150 (MSE Scientific Instruments, Sussex, U.K.) sonifier at 40-60% of maximum power. Cell debris was removed by centrifugation at 5,000 ϫ g for 10 min. The supernatant then was centrifuged at 250,000 ϫ g for 1 h, and the membrane pellets were finally resuspended in 10 mM potassium phosphate (pH 7.0), 20% glycerol, 0.1 mM EDTA, and 1 mM glutathione. Controls expressing ratMGST1 were prepared in the same fashion. Total protein concentration was determined by the Coomassie protein assay according to the manufacturer's instructions (Bio-Rad).
SDS͞PAGE and Western Blotting. Samples were diluted and boiled for two min in SDS-containing sample buffer (18) . Proteins were separated through 14% polyacrylamide gels (NOVEX, San Diego) and were electroblotted (19) onto poly(vinylidene difluoride) (Pall) membranes. Transfer efficiency was visualized by using prestained standards (NOVEX). Membranes then were soaked for 1 h at 25°C in Tris-buffered saline (TBS) (100 mM Tris⅐HCl, pH 7.5͞150 mM NaCl) containing 0.1% (vol͞vol) Tween 20 and 5% (wt͞vol) nonfat dried milk. The membrane was subsequently washed twice in 0.1% Tween 20 in TBS (0.1% T-TBS) followed by 1-h incubation at 25°C with the indicated antiserum (1:2,000 dilution) in 0.05% (vol͞vol) T-TBS and 2% (wt͞vol) nonfat dried milk. After several washing steps (2 ϫ 1 min, 1 ϫ 15 min, and 3 ϫ 5 min, the blot was incubated for 1 h at 25°C with a horseradish peroxidase-linked donkey anti-rabbit antibody (1:2,000 dilution) in 0.05% (vol͞vol) T-TBS and 2% (wt͞vol) nonfat dried milk. The washing steps were repeated, and, subsequently, enhanced chemiluminescence detection was performed according to the manufacturer's instructions (ECL Plus, Amersham Pharmacia).
Northern Blot Analysis. Northern dot blot analysis of human multiple tissue expression array (CLONTECH, cat no. 7775-1) and Northern blot analysis of human multiple tissue blot (CLON-TECH, cat nr 7766-1) were performed according to the instructions of the manufacturer. The mRNA amount on each dot (each dot representing mRNA from a certain tissue) of the array was normalized by the manufacturer to yield similar hybridization signals for various housekeeping genes. Therefore, the amounts of mRNA on each dot varies from 53-780 ng, and the array allows for comparative analysis of gene expression in various tissues. The human multiple tissue blot, on the other hand, contained 2 g of tissue-specific mRNA͞lane. Both membranes were hybridized with a random primed cDNA probe (coding region) of PGE synthase. The cDNA probe was labeled by using the T7 QuickPrime Kit (Amersham Pharmacia) and ␣-32 P dCTP, according to the instructions of the manufacturer. The probe was purified by using ProbeQuant G-50 columns (Amersham Pharmacia). After hybridization and washing, the dot blot͞blot were exposed to x-ray film (SuperRX, Fujifilm, Düsseldorf, Germany).
Cell Culture. A549 cells were cultured in RPMI 1640 medium supplemented with heat-inactivated fetal bovine serum (10%), fungizone (2.5 g͞ml), penicillin (100 units͞ml), and streptomycin (100 g͞ml) at 37°C in an atmosphere of 5% CO 2 . Approximately 8 ϫ 10 6 cells in 30 ml of media were seeded in 175-cm 2 flasks. After 3 days, confluency was reached, and cells were washed in PBS twice and then were detached by using 3 ml of 1ϫ Trypsin͞EDTA solution (GIBCO͞BRL) for 15 min at 37°C in an atmosphere of 5% CO 2 . Thereafter, 3 ml of medium was added to quench the trypsin, and cells were further diluted and reseeded at an appropriate number per square centimeter as just described. To investigate the effect of IL-1␤ on PGE synthase expression in A549 cells, 8 ϫ 10 6 cells in 30 ml of medium were plated in 175-cm 2 flasks and were incubated for 24 h. Subsequently, the cells were washed in PBS three times followed by addition of 30 ml of RPMI 1640 medium containing fetal bovine serum (2%) and IL-1␤ (1 ng͞ml) and were incubated for another 24 h. For harvest, cells were washed in PBS twice and were trypsinated in 3 ml of 1ϫ Trypsin͞EDTA solution for 15 min at 37°C. Thereafter, 3 ml of culture media was added, and cells were centrifuged at 500 ϫ g for 10 min followed by two washes in 5 ml of PBS. The cell pellets were frozen in CO 2 -ethanol bath and were stored at Ϫ80°C.
Preparation of A549 Cells. The cell pellets were resuspended in 1.0 ml of homogenization buffer consisting of potassium phosphate buffer (0.1 M, pH 7.4), 1ϫ Complete protease inhibitor mixture, and sucrose (0.25M). The samples were sonicated1 h at 4°C. The 170,000 ϫ g pellets (microsomal fraction) were resuspended in 250 l of homogenization buffer, described above. Total protein concentration was determined by the Coomassie protein assay according to the manufacturer's instructions (Bio-Rad).
PGE Synthase Enzyme Assay. The protein sample was diluted in potassium inorganic phosphate buffer (0.1 M, pH 7.4) containing 2.5 mM reduced glutathione. The reaction (total volume ϭ 100 l) was started by the addition of 10 M PGH 2 with or without 0.1 Ci 3 H PGH 2 and was terminated with 60 l of acetonitrile͞HCl, lowering the pH to 3.2. To determine the formation of either PGF 2␣ , PGE 2 , or PGD 2 , an aliquot (60 l) was analyzed by RP-HPLC combined with UV detection (195 nm) and͞or radioactivity detection using an online ␤-RAM detector (Inus System, Tampa, FL). The RP-HPLC column was Nova-Pak C18 (3.9 ϫ 150 mm, 4-m particle size) obtained from Waters. The mobile phase was water, acetonitrile, and trifluoroacetic acid (70:30:0.007, by vol.) with a flow rate of 1 ml͞min. For analysis of 12-HHT, we used a mobile phase of methanol, water, and acetic acid (70:30:0.01, by vol.) and UV detection at 236 nm. The amounts of produced PGE 2 and 12-HHT were quantified by integration of the areas under the eluted peaks at 195 and 236 nm, respectively.
RESULTS
Identification of PGE Synthase. What we have now identified as PGE synthase ( Fig. 1) was originally found by its amino acid sequence homology (38%) to MGST1. After complete sequence determination of the insert of the expressed sequence tag clone 143735, the nucleotide sequence as well as the encoded protein sequence was submitted directly to the GenBank database under the name of MGST1-L1 (P.-J.J., J. A. Mancini, and A. W. Ford-Hutchinson, unpublished results). Shortly beforehand, the same sequence had been submitted to GenBank and described as a p53-induced protein, referred to as PIG12 (20) .
Expression of PGE Synthase. PGE-synthase was expressed by using a bacterial system. To demonstrate protein expression, a peptide antiserum was raised against PGE synthase (amino acid segment 59-74). Fig. 2 demonstrates that this antiserum recognized a 15-to 16-kDa band in the membrane fraction from bacteria expressing PGE synthase. This band was not found in the corresponding cytosolic fraction. Furthermore, the antiserum did not recognize ratMGST1 expressed using the same system. The detection of PGE synthase was specific because antiserum diluted in the presence of 1 ϫ 10 Ϫ6 M antigen (peptide) lost the capability to detect PGE synthase.
Prostaglandin E Synthase Activity. The membrane fraction (0.02 mg total protein͞ml) isolated from bacteria expressing PGE synthase was incubated for 2 min in the presence of PGH 2 (10 M including 1 Ci 3 H PGH 2 ) and reduced glutathione (2.5 mM). Fig. 3C demonstrates the RP-HPLC profile of radioactive labeled products formed under these conditions. One major peak is produced eluting at 12.3 min, corresponding to the elution time of synthetic PGE 2 . The material of this peak was collected, derivatized, and analyzed by gas chromatography and mass spectrometry, confirming its identity as PGE 2 (data not shown). A minor peak also was produced that eluted at 31.5 min, corresponding to the retention time of 12-HHT. The nonenzymatic formations of these products are shown in Fig. 3B . In this chromatogram, the peak corresponding to PGE 2 accounts for Ͻ25% of that formed in the presence of membranes from bacteria expressing PGE synthase. Instead, the major product formed corresponds to 12-HHT eluting at 31.5 min as well as another minor peak with a retention time of 14.9 min, corresponding to the retention time of PGD 2 . The chromatogram in Fig. 3A shows the zero time incubation when substrate was added to buffer containing the membrane fraction pre-mixed with stop solution. Little PGE 2 is detected, and the major product peak corresponds to the retention time of 12-HHT. The PGE 2 formation (Fig. 3C) was abolished if the membrane was boiled for 2 min before incubation, demonstrating enzyme catalysis. Also, no PGE synthase activity was observed using the membrane fraction obtained from bacteria expressing ratMGST1 as controls. If the membrane fraction was treated with N-ethylmaleimide (1 mM) for 5 min before incubation, the enzyme activity was abolished. No activity was detected in the cytosolic fraction from bacteria expressing PGE synthase. Moreover, no PGE synthase activity was observed in microsomes obtained from Sf9 cells expressing MGST2 or MGST3. Fig. 4 demonstrates the production of PGE 2 as a function of protein concentration. In this experiment, various dilutions of the membrane fraction obtained from bacteria expressing PGE synthase were incubated in the presence of PGH 2 FIG. 1. Predicted amino acid sequence of PGE synthase. This ORF was used for subsequent protein expression in bacteria. Underlined letters represent amino acids aligning together with MGST1 after running GAP within the WISCONSIN PACKAGE 9.0 (Genetics Computer Group, Madison, WI).
FIG. 2.
Western blot analysis of PGE synthase expression. Both the membrane and cytosolic fractions from bacteria expressing PGE synthase were analyzed by SDS͞PAGE and Western blotting. As control, the membrane fraction from bacteria expressing ratMGST1 was included. In all lanes, 5 g of total protein were analyzed. The middle blot demonstrates the results obtained by using antipeptide antiserum against PGE synthase whereas the left blot shows the results using the corresponding preimmune serum. For the right blot, the antipeptide antiserum was diluted in the presence of 10 Ϫ6 M peptide antigen. Arrows denote the migration of protein size markers. The exposure time was 2 min. (10 M) and glutathione (2.5 mM) for 2 min. The PGE 2 formation was analyzed and quantified by RP-HPLC and UV detection at 195 nm, as described in Materials and Methods. A linear relationship was found by using protein concentrations up to 0.015 mg͞ml. Thereafter, the curve rapidly levels off because of almost complete conversion of added PGH 2 into PGE 2 . Fig. 5 demonstrates the time dependence of the PGE 2 production after incubations of the membrane fraction (0.02 mg͞ml) with PGH 2 (10 M) in the presence or absence of glutathione (2.5 mM). A linear relationship is obtained during the first 60 s of incubation, Thereafter, the slope of the curve declines because of substrate depletion. Fig. 5 also shows that the activity depends on the presence of glutathione. The specific activity (under linear conditions subtracting background formation) was 600 pmol͞1.2 min͞0.002 mg membrane fraction (i.e., 250 nmol͞min͞mg). Tissue Distribution of PGE Synthase mRNA. The expression of PGE synthase mRNA was investigated in various tissues by Northern dot blot analysis using a random primed cDNA probe (Fig. 6) . A strong hybridization signal was observed in the two cancer cell lines A549 and HeLa (H10 and B10, respectively). A medium strong signal was demonstrated in placenta (B8), prostate (E8), testis (F8), mammary gland (F9), and bladder (C8) whereas a low hybridization signal was observed in several other tissues. Of the negative controls, a strong hybridization signal was observed in the E. coli DNA dot (D12), suggesting specific hybridization to a bacterial gene [a low signal intensity also was found in E. coli rRNA (C12)]. However, no signals were detected in yeast RNA (A12), yeast tRNA (B12), poly r(A) (E12), human C o t-1DNA (F12), human DNA (100 ng) (G12), or human DNA (500 ng) (H12). Fig. 7 demonstrates the result from a Northern blot analysis. The probe clearly hybridized to a 2-kilobase mRNA in prostate and testis. Less strong signals were observed in the small intestine and colon. No other mRNA species were detected apart from the 2-kilobase mRNA. The results from the Northern blot analysis (Fig. 7) thereby support the results from the dot blot analysis (Fig. 6) , both regarding the expression pattern and specificity.
Induction of PGE Synthase by IL-1␤. A549 cells have been used to study cox-2 induction and also have been reported to significantly increase their PGE 2 release after treatment with IL-1␤ (21, 22) . To study whether PGE synthase also may be regulated by this cytokine, A549 cells were cultured for 24 h in the presence of 1 ng͞ml IL-1␤. The microsomal fraction prepared from normal cells as well as cells treated with IL-1␤ were subsequently analyzed for PGE synthase expression by SDS͞ Various dilutions of the membrane fraction isolated from bacteria expressing PGE synthase were incubated with PGH2 (10 M) in the presence of glutathione (2.5 mM) for 2 min. Product formation was analyzed by RP-HPLC, and PGE2 was detected and quantified by using UV absorbance at 195 nm.
PAGE followed by Western blotting. Fig. 8 demonstrates that PGE synthase was induced by IL-1␤. In the lane loaded with microsomes from IL-1␤ treated cells, a 15-to 16-kDa band appears comigrating with the PGE synthase expressed in bacteria. The recognition was lost if antiserum was mixed with the antigenic peptide (1 M), demonstrating specific detection of PGE synthase. Significantly lower amount (yet detectable) of PGE synthase was found in the microsomes derived from nontreated A549 cells.
Identification of an Immunoreactive 16-kDa Protein in Partly Purified PGE Synthase Derived from Ovine Seminal Vesicles. The commercially available PGE synthase material, partly purified from ram seminal vesicles, was tested for cross reactivity to human PGE synthase antiserum. In Fig. 8 , it is evident that a 16-kDa protein band does appear in the lane loaded with 6 g of this sample. The band is lost using the peptide absorbed antiserum suggesting specific recognition. The protein differs somewhat in size and appears more diffuse, which may suggest posttranscriptional modification.
DISCUSSION
MGST1-L1 was identified as a homologue to MGST1 (P.-J.J., J. A. Mancini, A. W. Ford-Hutchinson, unpublished results) and was termed MGST1-L1. Both MGST1 and MGST1-L1 belong to a recently described protein superfamily (23) referred to as the MAPEG family (membrane-associated proteins involved in eicosanoid and glutathione metabolism). MGST1-L1 was expressed using a bacterial expression system previously used for the production of MGST1 (16) . The expression was confirmed by Western blot analysis (Fig. 2) . In attempts to characterize MGST1-L1, several reactive substrates for MGST1 and other MAPEG enzymes were tested but were not found to constitute substrates for MGST1-L1. These substrates included 1-chloro-2,4-dinitrobenzene and leukotriene A 4 (for screening of any glutathione S-transferase activity) or cumene hydroperoxide and 5-hydroperoxy-eicosatetraenoic acid (for screening of any gluta- FIG. 8 . Western blot analysis of PGE synthase in A549 cells and sheep seminal vesicles. The microsomal fractions (10 g) from cells grown for 24 h in the presence (1 ng͞ml) or absence of IL-1␤ were fractionated by SDS͞PAGE and were transferred to poly(vinylidene difluoride) membrane. The membranes were incubated by using either PGE synthase antiserum or PGE synthase antiserum containing the antigenic peptide (10 Ϫ6 M). Also analyzed was the commercially available, partly purified PGE synthase from sheep seminal vesicles (6 g) as well as the membrane fraction from bacteria expressing human PGE synthase (1 g).
FIG. 6.
Northern dot blot analysis of PGE synthase in human tissues. A human multiple tissue expression array was hybridized with a radiolabeled cDNA probe specific for PGE synthase. Because the amount of mRNA on each dot has been adjusted to produce normalized signals for various housekeeping genes, the array allows for comparisons of gene expression. The exposure time was 66 h. The various dots represent the following: A1, whole brain; B1, cerebral cortex; C1, frontal lobe; D1, parietal lobe; E1, occipital lobe; F1, temporal lobe; G1, paracentral gyrus of cerebral cortex; H1, pons; A2, cerebellum, left; B2, cerebellum, right; C2, corpus callosum; D2, amygdala; E2, caudate nucleus; F2, hippocampus; G2, medulla oblongata; H2, putamen; A3, substantia nigra; B3, accumbens nucleus; C3, thalamus; D3, pituitary gland; E3, spinal cord; F-H3, empty; A4, heart; B4, aorta; C4, atrium, left; D4, atrium, right; E4, ventricle, left; F4, ventricle, right; G4, interventricular septum; H5, apex of the heart; A5, esophagus; B5, stomach; C5, duodenum; D5, jejunum; E5, ileum; F5, ilocecum; G5, appendix; H5, colon, ascending; A6, colon, transverse; B6, colon, desending; C6, rectum; D-H6, empty; A7, kidney; B7, skeletal muscle; C7, spleen; D7, thymus; E7, peripheral blood leukocytes; F7, lymph node; G7, bone marrow; H7, trachea; A8, lung; B8, placenta; C8, bladder; D8, uterus; E8, prostate; F8, testis; G8, ovary; H8, empty; A9, liver; B9, pancreas; C9, adrenal gland; D9, thyroid gland; E9, salivary gland; F9, mammary gland; G-H9, empty; A10, HL-60; B10, HeLa S3; C10, K-562; D10, Molt-4; E10, Burkitt's lymphoma, Raji; F10, Burkitt's lymphoma, Daudi; G10, colorectal adenocarcinoma, SW480; H10, lung carcinoma, A549; A11, fetal brain; B11, fetal heart; C11, fetal kidney; D11, fetal liver; E11, fetal spleen; F11, fetal thymus; G11, fetal lung; H11, empty; A12, yeast, total RNA; B12, yeast tRNA; C12, E. coli rRNA; D12, E. coli DNA; E12, Poly r(A); F12, human CoT-1 DNA; G12, human DNA 100 ng; H12, human DNA 500 ng. thione-dependent peroxidase activity). The rationale of testing PGH 2 as substrate for MGST1-L1 evolved from some common properties among the MAPEG members and some previous reported findings regarding the nature of PGE and PGF synthases, particularly concerning subcellular localizations and glutathione dependencies (12, 14, 15) . Also, at the time for the initiation of the present study, we were involved in studying the metabolism of prostaglandin endoperoxide H 2 (PGH 2 ) by nuclei isolated from various types of leukocytes. When tested for PGE synthase activity, membranes from bacteria expressing MGST1-L1 exhibited a significant PGE synthase activity (0.25 mol͞min͞mg) corresponding to the highest levels of reported, normally occurring PGE synthase activity, i.e., in microsomes isolated from sheep seminal vesicles (11) and rat ductus deferens (13) . In fact, estimating that 1% of the bacterial membrane protein is MGST1-L1, the deduced specific activity becomes 25 mol͞min͞mg corresponding to a kcat͞Km in the 10
range. Such high kcat͞Km values are hallmarks of very efficient enzymes (24) . Considering the short half-life of PGH 2 and the existence of competing pathways, it seems logical that a physiologically relevant activity is highly efficient and compartmentalized to the site of its production. Based on these results, we refer to this protein as PGE synthase.
The tissue distribution, analyzed by Northern dot blot and Northern blot analyses, demonstrated high expression of PGE synthase in two cancer cell lines, namely A549 cells and HeLa cells. The PGE synthase also was expressed at intermediate levels in prostate, testis, placenta, mammary gland, and bladder. In comparison to these organs, the gene expression was lower, but still present, in many other tissues and cells (Fig. 6 ). In line with our tissue distribution result, prostate and placenta are organs well known to produce PGE 2 (25, 26) . The precise role of prostaglandins in the human reproductive systems is, however, not fully understood. Also, several reports exist describing PGE 2 production by mammary epithelial cells and urinary bladder. The human lung adenocarcinoma cell line A549 has been used in several studies concerning expression of cyclooxygenase-2 and prostaglandin E biosynthesis. In a like manner, HeLa cells have been used to some extent. This is in contrast to the cell lines that were negative for PGE synthase expression (based on medline searches), i.e., undifferentiated HL-60 cells, K562 cells, Molt-4, Raji, Daudi, and SW480. We could demonstrate, by Western blot analysis, that PGE synthase protein expression was significantly induced in A549 cells after treatment with IL-1␤ (Fig. 8) . Our results thus agree with published data demonstrating severalfold increase of PGE 2 biosynthesis and cox-2 protein in A549 cells in response to IL-1␤ (21, 22) . Combined with these known effects by IL-1␤ on cox-2 induction, our data suggest that PGE synthase and cox-2 are coregulated and that PGE 2 biosynthesis may depend on the presence of both of these enzymes. In accordance, an inducible PGE synthase activity has been described in lipopolysaccharide-stimulated rat peritoneal macrophages, which coincides with cox-2 expression and changes the product formation in favor of PGE 2 (27) (28) (29) . The induction of PGE synthase (PIG12) after p53 expression in a colorectal cancer cell line (DLD-1) (20) also may be of importance for understanding the role of cox and PGE synthase in apoptosis and cancer development, especially because cox-2 has been implicated in colon cancer through the beneficial effects observed by various nonsteroidal antiinflammatory drugs on cancer growth (3). Likewise, epidemiological data have demonstrated the use of nonsteroidal antiinflammatory drugs protecting against the development of Alzheimer's disease (3) . The role of cyclooxygenases and PGE synthase in the central nervous system and possible involvement in the pathophysiology of neurodegenerative disorders remains to be elucidated. Also, it will be of great interest to study the role of PGE synthase in common inflammatory diseases such as rheumatoid arthritis and asthma because, traditionally, PGE 2 has been regarded as one of the most important prostanoids responsible for mediating the disease symptoms of inflammation. This view on the role of PGE 2 was recently supported by the results from knock-out experiments in mice, demonstrating a critical role of the PGE receptor (subtype EP3) in fever responses triggered by IL-1␤ and lipopolysaccharide (30) . Also, PGE 2 seems to play a key role in inflammatory pain because a selective anti-PGE 2 antibody (2B5) inhibits, equally as potently as indomethacin, phenylbenzoquinone-induced writhing in mice and carrageenaninduced paw oedema and hyperalgesia in rats (31, 32) .
In summary, we have identified and characterized microsomal glutathione-dependent PGE synthase. Furthermore, the protein was up-regulated by the proinflammatory IL-1␤. PGE synthase is likely to constitute a novel target for drug development in the areas of inflammation and possibly cancer.
